that 61% of the genetic gain in the two purebred lines was transferred to the commercial pig production of crossbred first litter sows, but no statistically significant genetic correlation to NC was obtained.
INtRODUCtION
In commercial pig production, the number of weaned piglets is a key factor to increase productivity. For this reason, litter size has been one of the most important traits in pig breeding during the last decades, and the litter size has increased significantly in recent years . Furthermore, in pig production crossbreeding is used to take advantage of the increased performance of crossbred animals compared to purebred animals (heterosis), and breed complementarity is also an important reason. Reducing piglet mortality is important as this increases animal welfare (Jarvis et al., 2005 , Fraser et al., 1995 and also increases the profit in the pig industry (Crooks et al., 1992; Serenius et al., 2007) . However, in some pig production, piglet pre-weaning mortality was reported to be as high as 20% to 25% which constitutes a major source of economic loss for the producers (Grandinson et al., 2002; Alonso-Spilsbury et al., 2007) . The mortality around birth and during the first days of farrowing plays an important role for number of weaned piglets and is caused by a number of factors (Strange et al., 2013) . High mortality indicates that there is a room to increase the number of weaned pigs by decreasing the number of piglets dying in the suckling period. During the suckling period the sows have an important role in ABStRACt: In pigs litter size has increased during the last decades and number of weaned piglets is an important issue. The aim of this study was to develop a new trait of nurse capacity (NC) of crossbred sows viewed as crossbred performances in the two purebred parent lines, and estimate the genetic correlation to fertility and litter size five days after birth. An experiment recording phenotypes of crossbred sows was conducted in three large production herds with 11,247 first litter Danish Landrace x Yorkshire sows. All terminal sires used were Duroc AI boars. The experiment was running from 2010 to 2013. At farrowing, the total number born (TNB) was recorded. Five days after farrowing the litter size of the biological mother (LS5) was recorded. During the first three days after farrowing the number of piglets at each nurse sow was equalized to 14 piglets and after three weeks the NC was recorded and defined as the number of piglets nursed. Additional records on TNB and LS5 from related sows in nucleus and multiplier herds were added to obtain a data set with both purebred and crossbred information. A reduced animal model including both purebred and crossbred records was used and parameters were estimated. The results show that NC recorded on crossbred first litter sows had heritabilities of 0.05 and 0.07 for crossbred performance in the purebred populations of Landrace and Yorkshire, respectively. Estimated genetic correlations between TNB in purebreds and crossbreds show that nearly 50% of genetic gain in the purebred populations was transferred to crossbreds. Unfavorable genetic correlations between TNB in purebreds and NC in crossbreds were observed. For LS5 the genetic (co)variances showcaring for piglets and there might be genetic differences in this ability between sows. This ability could be captured by measuring the number of nursed piglets from birth to 3 weeks of age, or until weaning.
In commercial pig production, sows are mainly produced by two-way crosses of purebred lines. Selection occurs within each of the two purebred lines and is aimed at improving crossbred performance. However, crossbred information is not often used in the selection of the purebred lines. Wei and van der Werf (1994) showed how to use crossbred information in genetic evaluation of purebred lines.
The aim of this study was to develop a new trait that describes the nurse capacity (NC) of crossbred sows viewed as crossbred performances in the two purebred parent lines, and to estimate the genetic correlation to fertility and litter size five days after birth in the two lines that were used to produce the crosses.
MAtERIALS AND MEtHODS
An Animal Care and Use Committee approval was not obtained for this study because the data were collected in commercial herds following Danish or German national standards of management and welfare procedures.
Data
Crossbred production data were recorded in three herds having crossbred first litter sows of Landrace x Yorkshire (F1). All terminal sires used were Duroc AI boars, and the sows farrowed in the period from July 2010 to March 2013. At farrowing the number of still born piglets was recorded, and all piglets were earmarked using an individual identification number. The total number born (TNB) piglets per litter (including the number of stillborn piglets) were recorded for 11247 crossbred first litter sows (Table 1) . After farrowing, at day 1 to 3, each sow was assigned 14 piglets. Equalizing the number of piglets per sow was done by moving piglets between litters (if needed) during the first three days after farrowing, and it was allowed to do so in this period only. The movement of piglets between litters was kept as low as possible and many sows had their own piglets. The movements of piglets to foster mother were not recorded. In the following period piglets could only be removed from the experimental sows if the piglets were dead or deemed too weak to stay with the sow. During the first five days after farrowing, the dead piglets were recorded and assigned (according to the earmarks of piglets) to the biological mother producing the piglets. Litter size at five days after farrowing (LS5) of each biological mother was calculated as the TNB minus the number of stillborn and dead piglets up to day five after farrowing. Survival status of the piglets that were transferred to another litter was therefore assigned to the litter size of the biological mother. Thus, LS5 combine the maternal fertility recorded as TNB and piglet survival up to day five after farrowing. The LS5 was recorded for 9647 crossbred first litter sows (Table 1) .
Three weeks after farrowing (day 19 to day 23) the nursing capacity (NC) of each crossbred sow was recorded as the number of piglets nursed by the sow. Thus, the nurse capacity was the number of piglets one crossbred first litter sow may wean after she has been given 14 pigs within the first three days after farrowing. The NC was recorded for 9902 crossbred first litter sows (Table 1) .
Parallel to the experimental crossbred recordings, recordings of TNB and LS5 on purebred sows in nucleus and multiplier herds was done routinely in the breeding program. For the experimental crossbred sows, the related purebred dams and half-sib sisters that were purebred Landrace and Yorkshire sows in multiplier herds were identified and records of TNB and LS5 in their first litter were obtained. To obtain the most reliable estimation of fixed effect levels described by herd-year-season then all first litter sows in each fixed effect level of purebred first litter sows were included even through the sows were unrelated to the crossbred sows. In total 59884 purebred Landrace and 37495 purebred Yorkshire sows with records of TNB were included in the final data set (Table 1) .
Only records of first-litter sows (first parity sow/ gilt litters) were included in the analysis to avoid bias affected by phenotypic selection (culling) of sows after their first litter. The total number of purebred and crossbred sows and the number of animals in the pedigree are shown in Table 1 together with the mean and standard deviation of TNB, LS5, and NC in purebred and crossbred first-litter sows. 
Statistical Analysis
A multivariate mixed model approach was applied to combine purebred and crossbred information. The model was formulated as a reduced animal model according to Wei and van der Werf (1994) , i.e.
LG5, L; TNB, Y, LG5, Y; TNB, LY;  LG5, LY; NC, LY} are vectors of records and residuals related to TNB and LS5 in Landrace (L), Yorkshire (Y), and the crossbred population of Landrace × Yorkshire (LY) and the NC recorded in the crossbred population. The fixed effect levels are given by B = (b t , …) T with the associated block incidence matrix
in which x t is the associated incidence matrix of trait t for the fixed effect levels in b t , including herd-yearseason, month of farrowing, breed, and litter type (purebred or crossbred litters for purebred sows) as well as effects of age at first litter (regressions on the first and second powers of age covariables). 
The genetic part of the model is denoted by
, in which the incidence matrices Z L and Z Y link the records on purebred animals to genetic effects in purebred Landrace and Yorkshire and Z L-LY and Z Y-LY link records on crossbred animals to genetic effects of the 2 purebred populations of Landrace and Yorkshire. The nonzero elements of Z L-LY and Z Y-LY are 0.5 instead of 1 as only the half of the breeding value is transmitted from a purebred parent to its crossbred progeny.
The residual variances were assumed to have a Gaussian distribution, that is, 
in which some off-diagonal elements were assumed to be 0 as no purebred animals were recorded for crossbreed traits and vice versa. The genetic variances of breeding values were also assumed to have a Gaussian distribution; therefore,
in which A L and A Y are the additive relationship matrices for purebred Landrace and Yorkshire populations, respectively, Ä is the Kronecker product, and G L and G Y are variance-covariance matrices denoted as follows: 
The diagonal elements in G L represent the genetic variances of TNB and LS5 in purebred Landrace, and genetic variances of TNB, LS5 and NC in purebred Landrace for crossbred performances. The off-diagonal element, describes the genetic covariance between TNB and LS5 in Landrace. The latter three off-diagonal elements in the first row in G L describe the covariances between TNB in purebred and TNB, LS5, and NC in purebred for crossbred performances. Similar the latter three off-diagonal elements in the second row in G L describe the covariance between LS5 in purebred and TNB, LS5, and NC in purebred for crossbred performances. The offdiagonal elements in G L row 3 to 5 denote the genetic covariances between TNB, LS5, and NC in the purebred Landrace population for crossbred performance. Similarly, the elements in G Y denote the genetic variances and covariances in the purebred Yorkshire population for purebred and crossbred performances.
In crossbred traits j = {TNB, LS5, NC}, because of the reduced animal model, because of the reduced animal model formulation, the variance of residuals e j, LY contains half the genetic variances (Mendelian sampling term), and thus the phenotypic variances were obtained by σ 2 p, j, LY = σ 2 e, j, LY + 1/4σ 2 j, L-LY + 1/4σ 2 j, Y-LY . Traditionally, the selection occurs in a purebreed environment and crossbreeds are used by pig producers in a production environment. Changes in genetic levels on traits i = {TNB, LS5} in purebreeds k = {L, Y} affect the traits j = {TNB, LS5, NC} in crossbreeds by the coefficients β j, LY|i, k = 1/2σ i, k; j, L-LY /σ 2 i, k , in which the 1/2 is used because crossbreeds inherit only half their genes from a given purebreed.
Selection response in purebreeds k = {L, Y} when selection is based on crossbreed information is predicted as correlated response to selection, that is,
where f is the selection intensity, r is the accuracy at selection time in purebreeds, β i, k|j, LY =1/2σ i,k;j,LY / σ 2j,LY is a regression coefficient that measures the transfer of information from records of trait j in crossbred LY, which has genetic variance σ 2 j, LY = 2(1/4σ 2 j,
If only additive genetic variance occurs and there is no genotype by environment interaction then β i, k|j, LY =1/2 as the crossbred population contains half of the genetic pool from each of the two purebred populations.
RESULtS
Landrace and Yorkshire sows showed the same levels for TNB and LS5 with mean values of 14.2 piglets and 14.3 piglets for TNB and 12.1 piglets and 11.9 piglets for LS5 (Table 1 ). The crossbred sows had a slightly lower mean value of TNB equal to 13.8 piglets, but a larger mean value of LS5 equal to 13.0 piglets ( Table 1) . The standard deviations were slightly lower in crossbreds than in purebreds and the largest standard deviation was 4.0 piglets for TNB in Landrace (Table 1) .
The records in crossbred sows show that NC ranged from five to 14 in a slightly skewed distribution with thick left tail (Fig. 1) . The mean value of NC was 11.9 piglets. The standard deviations of TNB ranged from 3.1 to 4.0 and the standard deviations of LS5 ranged from 3.0 to 3.7, but compared to these the standard deviation of NC was low, equal to 1.1 piglets ( Table 1) .
The phenotypic estimated variances in purebred Landrace, Yorkshire, and crossbred sows ranged from 9.3 to 15.2 for TNB and from 8.8 to 13.2 for LS5, and was equal to 1.2 for NC ( Table 2 ). All these were in accordance with the pattern of the descriptive standard deviations ( Table 1) .
The genetic covariances between TNB and LS5 were all positive (favorable) in the two purebred populations as well as for purebred and crossbred performances (Table 3 and 4). The genetic variances for crossbred performance of NC were low, and the genetic covariances to TNB and LS5 were not statistically significant from zero, although we note the unfavorable genetic covariances to purebred performances of TNB of -0.08 and -0.09 in Landrace and Yorkshire (Table 3 and 4). In Landrace the heritabilities were 0.09 and 0.05 and in Yorkshire the heritabilities were 0.07 and 0.06 for purebred performance of TNB and LS5, respectively (Table 5 and 6). For crossbred information of TNB, LS5 and NC the proportions of genetic variance (heritability) were 0.06, 0.04 and 0.05 in the purebred Landrace population for crossbred performance (Table 5) , and 0.10, 0.10 and 0.07, in the purebred Yorkshire population for crossbred performance (Table 6) .
Positive, i.e. favourable, genetic correlations were obtained between TNB and LS5 recorded both in purebred Landrace (0.88), purebred Yorkshire (0.74), and for crossbred performances (0.94 and 0.92 for the Landrace and Yorkshire part, respectively), and these were all statistically significant from zero; see Table 5 and 6. Also the genetic correlations between purebred and crossbred performances were favourable for TNB and LS5. On the other hand, negative and unfavourable genetic correlations between NC and TNB recorded in purebreds animals were obtained (-0.27 and -0.31; Table 5 and 6).
DISCUSSION
The genetic variance of NC observed in crossbreds was 2(0.09/4+0.07/4)=0.08 (Table 3 and 4), and compared to the genetic variance of TNB this shows a significantly lower potential for genetic gain related to NC compared to the genetic gain affected by selection for TNB. To increase the potential for genetic gain of NC, further purebred information would be required, i.e. records in purebreds that are genetically related to NC. The genetic correlations between NC and TNB (here observed in both purebreds Landrace and Yorkshire) were unfavorable ranging from -0.03 to -0.31, but according to standard errors (0.16 and 0.17), only the genetic correlations between NC and TNB recorded in purebred were statistically significant from zero (Table  5 and 6). The unfavorable genetic correlations between NC and TNB might be explained as follows: an increase in TNB reduces the mean birth weight of piglets and therefore increases mortality, both pre-natal, post-natal and in the suckling period (Grandinson et al, 2002 , Su et al 2007 , Strange et al, 2013 , and since nurse sows primarily had their own piglets in this study, this causes an unfavorable genetic correlation between TNB and NC.
Because NC was recorded only in crossbred the genetic correlation between purebred and crossbred performances of this trait was unknown and the crossbred information of NC is the only source for selection in purebred. However genetic gain of NC is expected to be low due to the very low genetic variances of NC and the generation lag between the time of selection of the young purebred animals and the crossbred sows obtaining phenotypes.
The estimated phenotypic variances of TNB and LS5 in purebred Landrace, Yorkshire, and crossbred sows (Table 2) were at the same level as shown in previous studies of Landrace and Yorkshire sows , Su et al., 2007 . For crossbred sows the phenotypic variances of TNB and LS5 were found to be lower than in purebred sows which might be due to a number of reasons, e.g. the management systems in crossbred sows compared to purebred sows was different, and the fact that crossbred data only were recorded in three big herds, whereas purebred data were recorded in a larger number of multiplier herds.
The estimated genetic variances of TNB were 1.42 and 1.02 in Landrace and Yorkshire (Table 3 and  Table 4 ). However, in crossbreds the estimated genetic variance of TNB was lower 2(0.60/4 +0.91/4)=0.76, and because the genetic background of purebred and crossbred sows are different the lower variance in crossbreds might be due to that TNB in purebreds and crossbreds are recorded in two different environments and management systems, i.e. the fertility of purebred sows in multiplier herds and crossbred sows in production herds are different traits. This indicates that purebred selection might benefit from crossbred information. Also the direct effect of piglet vitality and piglet survival might be different for purebred and crossbred performances. The purebred sows were hosted in nucleus or multiplier farms and the phenotypes of TNB and LS5 were either obtained on purebred litters or crossbred Landrace-Yorkshire litters. The crossbred sows were hosted in production herds and the phenotypes of TNB and LS5 were obtained on crossbred litters of three-way crossed piglets with Duroc as the terminal sire. Different level of piglet vitality and survival are therefore expected in nucleus, multiplier and production herds affecting the purebred and crossbred phenotypes. Moreover, fertility and piglet survival traits might be different in production herds with crossbred sows producing slaughter pigs compared to purebred multiplier herds, because the environment may be different and there may be a lower genetic level due to the delay in transferring the genetic progress.
The estimated genetic variances of LS5 were 0.71 and 0.73 in Landrace and Yorkshire and 2(0.38/4+0.87/4)=0.63 in crossbreds (Table 3 and  Table 4 ) which is a much weaker contrast between purebred and crossbred performances indicating that LS5 in purebred and crossbreds are more closely related traits and that the crossbred information is of 2 TNB = total number born; LS5 = litter size at 5 d after farrowing; NC = nurse capacity.
3 na = not available. less importance for the purebred selection. The more close relation between purebred and crossbred performances for LS5 compared to TNB was confirmed by the higher correlation obtained between purebred and crossbred performances for LS5 at 0.83 and 0.56 compared to TNB at 0.74 and 0.49, respectively in Landrace and Yorkshire (Table 5 and 6).
The phenotypic variances of NC in crossbreeds was σ 2 p, NC, LY = 1.2 (Table 2 ) and the heritabilities of NC were 0.05 and 0.07 for crossbred performance of purebred populations of Landrace and Yorkshire, respectively (Table 5 and 6) .
For combined crossbred and purebred selection the genetic correlations between the traits in purebreds and crossbreds are crucial parameters. The accuracy of breeding values for crossbred performance at the time of selection of young purebred animals depends on several factors: relationships to crossbreds with phenotypes; genetic correlation between purebred and crossbred performances and relationships to purebreds with phenotypes; phenotypes on crossbreds contain only half the information compared to phenotypes on purebreds because crossbreds only contain half of their genetic material from a given purebreed. In a selection program crossbred information on sow traits always lags behind purebred information, since, at the time of selection of young purebred animals, the closest crossbred relatives with phenotypes would be half sibs of the parents, whereas the closest purebred relative with phenotypes would be the mother. Hence, only when amount of purebred data is limited or the genetic correlations between purebred and crossbreed performances are relatively low would it be beneficial to include phenotypes on crossbreds in genetic evaluation. Previous study by Wei and van der Werf (1994) confirm this. If the genetic correlations are low the value of crossbred information is high. However, only for very high correlations (>0.8) and a fixed number of purebred and crossbred tested progeny then combined selection on crossbred and purebred information was worse than purebred selection (Wei and van der Werf, 1994) . In Landrace the genetic correlations for crossbreds ranged from 0.74 to 0.83 for TNB and LS5 and thus the benefit of including crossbred information in the purebred selection may vanish. In Yorkshire the equivalent correlations ranged from 0.49 to 0.56 and the purebred selection will benefit from crossbred information.
Also for crossbred selection the size of the two purebred populations are important. If the purebred Landrace and Yorkshire populations differ in size so the numbers of parental halfsibs may be different. The Landrace population counts about 60 thousand animals and the Yorkshire population count about 37 thousand animals (Table 1 ). This explains the lower standard error of the estimates of the covariancesbetween crossbred and purebred traits TNB and LS5 in Landrace (ranging from 0.09 to 0.13) compared to Yorkshire (ranging from 0.13 to 0.14; Table 3 and 4). It also explains the similar pattern found for the crossbred performances of TNB and LS5. For Landrace the standard errors of genetic variances and covariance for crossbred performances of TNB and LS5 were lower 0.17, 0.14 and 0.07 compared to corresponding standard errors for Yorkshire (0.23, 0.22 and 0.11; Table 3 respectively. This shows that for LS5, 0.31 + 0.30 = 61% of the genetic gains obtained in the purebred lines of Landrace and Yorkshire was transferred to the commercial pig production of crossbred sows. The reduced genetic gain in crossbreeds compared with purebreeds could be due to genotype × environment interaction. Similarly, the information of TNB recorded in crossbreeds might also be used to increase the genetic gain in purebreed traits by use of the coefficients β i, k|j, LY = 1/2 × σ i, k; j, LY /σ 2 j , LY = 1/2 × 0.68/0.60 = 0.57 in Landrace and β i, k|j, LY = 1/2 × σ i, k; j, LY /σ 2 j , LY = 1/2 × 0.46/0.91 = 0.25 in Yorkshire. Therefore, if a crossbred sow obtained an increase in genetic value equal to a, then this would correspond to increases of 0.57 × a in a purebred Landrace animal and 0.25 × a in purebred Yorkshire animal. The coefficients β i, k|j, LY depend on the genetic correlations between purebreed and crossbreed performances, and the standard errors on estimates of these genetic correlations are proportional to 1/(N) 1/2 , in which N is the number of sire and dam families used (Bijma and Bastiaansen, 2014) .
Complications with a combined genetic evaluation containing information from both purebred and crossbred animals are that the model contains a larger number of necessary genetic parameters and therefore increases computing requirements. In a crossbreed model combining 2 purebred lines, the number of traits in the model is increased by a factor of 3, having traits from each of the purebred lines and traits from the crosses. Furthermore, the number of records in the genetic evaluation model increases when combining records from the 2 purebred lines and the crosses, and that would also lead to larger computing requirements. A possible practical solution may be to split the traits into separate models, where the loss in accuracy due to having fewer traits simultaneously analyzed would be compensated by the extra accuracy of the crossbreed model (Lutaaya et al., 2001 ).
Conclusions
The results show that NC recorded on crossbred sows was heritable and had a heritability of 0.05 and 0.07, for crossbred performances in Landrace and Yorkshire, respectively. Thereby, the number of nursed piglets up to three weeks after farrowing depends on genes. Sows with good "nursing genes" nurse more piglets compared to sows with inferior nursing genes. The genetic correlations between TNB in purebreds and NC in crossbreds were unfavorable indicating that selection on TNB in purebred populations reduces the NC in the crossbred population. No unfavorable genetic correlations between LS5 and NC were found. The genetic progress obtained by selection for crossbred performances of NC in purebreds is expected to be very low. 
